The PUT3 gene product is a transcriptional activator required for expression of the enzymes of the proline utilization pathway. Using two methods of footprinting in vivo, we have determined that PUT3 protein is poised at the promoters of the genes encoding these enzymes and that proline-mediated induction modulates the activity of constitutively bound PUT3.
and PUT2 (23, 24) , inducing 50-and 15-fold (respectively) increases in expression when proline is the sole nitrogen source (4, 6, 28, 29) . In vitro studies using gel mobility shift assays demonstrated that PUT3, either by itself or as part of a complex, bound to these promoters in the presence or absence of proline in the culture medium (24) . These studies did not determine whether the binding of PUT3 is regulated in vivo.
Yeast transcriptional activators that induce expression of regulated genes may be divided into two categories. The first consists of DNA-binding proteins that are bound to their recognition sites only when the target gene is on (e.g., GCN4 [11] , HAP1 [18] , and ACE1 [9, 26] ). The second category is made up of activators that are constitutively bound to the DNA but whose activity is modulated (e.g., ADR1 [7, 8, 27] , HSTF [25] , and GAL4 in the absence of catabolite repression [10, 15, 22] ). The mechanisms by which any of these proteins stimulate transcription are not well understood (12, 19, 20) . The studies described here used two methods of footprinting in vivo to demonstrate that PUT3 is poised at the PUT] and PUT2 promoters and thus belongs in the second category.
The first footprinting method relies on the principle that the formation of UV light-induced photodimers is dependent on the conformation of the DNA, which is in turn sensitive to the presence of bound proteins (1, 2, 21, 30) . The second method detects protection of protein-bound DNA from methylation by dimethyl sulfate (DMS) in vivo (1). The footprinting methods have been previously reported (1) and were used with minor modifications. Briefly, yeast cultures were grown in the appropriate media, harvested, and resuspended in phosphate-buffered saline. For photofootprinting, they were then exposed to UV light under a transilluminator for 60 s, and DNA was isolated as described previously (1) .
PUT] samples were cut with HaeIII, and PUT2 samples were cut with EcoRI. The DNA was then adjusted to 0.5 pug/4J by using a spectrophotometer, and 3.5 ,ug of DNA was used per primer extension reaction. After electrophoresis, sequencing gels were fixed and dried for autoradiography. open reading frame. Cultures were grown on ammonium sulfate (NH4+) or proline (pro) as the sole nitrogen source in a medium containing 0.17% yeast nitrogen base, 2% glucose, and either 0.2% ammonium sulfate or 0.1% proline. Uracil and tryptophan were supplemented as required. Untreated DNA (untreated) or naked DNA irradiated in vitro (nd + UV) were subjected to the primer extension reactions as controls. The PUT3 consensus sites are marked by brackets, and their positions are indicated (28) . PUT3-dependent enhancements in photoproduct formation are indicated (-). An additional enhancement was seen at position -291 in other experiments but is not seen clearly in this gel. The bottom-strand oligonucleotide spanned from -392 to -374 (with respect to the +1 at ATG) (28) and was annealed at 50°C. All footprint experiments were repeated several times, and only changes that were most consistently and reproducibly observed are marked. (B and C) Bottom-and top-strand UV footprints of the PUI2 UAS. 0, PUT3-dependent photoproduct repression. The single PUT3-binding site is marked with a bracket. All other symbols are as described above. The bottom-strand PUT2 oligonucleotide spanned from -259 to -242, and the top-strand oligonucleotide spanned from -57 to -79 (23). Both were annealed at 50°C. Interestingly, PUT3 binding did not induce photoproduct formation at equivalent positions in the three binding sites. This may be a result of photofootprint changes being dependent on features of the binding sites that are not conserved among the three sites.
Naked DNA samples were isolated from unirradiated cells and were irradiated in vitro for 5 s. For DMS footprinting, the cultures were suspended in phosphate-buffered saline and treated with DMS as described previously (1) . DNA was isolated and digested, cleaved in 1 M piperidine at 90°C, lyophilized, resuspended in 200 ,ul of H20, transferred to new tubes, and precipitated with 3 ,ul of 1 M spermidine. The pellets were resuspended in 300 ,ul of 3 M ammonium acetate at 68°C, ethanol precipitated, resuspended in 100 ,ul of H20, and lyophilized again. The final pellets were resuspended in H20, transferred to new tubes, and adjusted to 0.5 ,ug/,ul. Samples were then treated as described above. The approach is outlined in Fig. 1 .
We photofootprinted in vivo a region of the PUT] promoter that was previously determined to function as the upstream activation sequence (UAS) and which contains two PUT3-binding sites (24) . PUT3 binding could be detected in vivo by comparing a wild-type strain grown under inducing conditions with a strain bearing a null Aput3 allele ( Fig. 2A, lanes 2 and 3) . Within the bottom strand of PUT3-binding site 1, several bands, representing photoproducts, were of greater intensity in the induced wild-type strain than in both the Aput3 strain and irradiated, naked DNA ( Fig. 2A, (Fig. 3, lanes 8 to 12) . Two subtle repressior PUT3-binding site, could be seen by com induced wild-type strain with a Aput3 strai prints were quite weak but were evident in dent experiments (data not shown). While t] protection results are consistent with the ol PUT3 binding is not regulated by proline, cor DMS and UV light footprints demonstrates th sensitivity of photofootprinting in detecting I We also footprinted the single PUT3-bind PUT2, using both light and DMS as probes (] Both the top and bottom strands of the PUT2 PUT3-dependent photofootprint changes. 1 We were surprised by the observation that the methylation 3 eo cqprotection seen in these experiments was so subtle despite 11 12 the prominent photofootprints. One explanation for this result is that PUT3 only weakly protects the underlying DNA from methylation despite strongly modifying its photosensitivity. A second explanation is that the PUT3-binding sites are less than fully occupied. We therefore tested the possibility that wild-type levels of PUT3 were insufficient to saturate the binding sites within the PUT] UAS. To do this, we overexpressed PUT3 by approximately 50-to 100-fold from a 2,um high-copy-number plasmid (24) and repeated the UV and DMS footprints on PUT]. Assays both by photofootprinting and by methylation protection revealed no difference in the PUT3 footprint between a wild-type and an overexpressing strain (Fig. 3) (24) . Second, the predicted sequence of the PUT3 gene product (16a) places it in a class of activator proteins resembling GAL4 (13) , which has been shown to bind DNA directly (3) via a zinc cluster motif (14, 17) .
Since both the transcription (16, 16a) 
